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Abstract 6 
Cleaning product gas from biomass gasification is one of the major challenges for the 7 
application of biomass as a renewable energy source for power generation and value-added 8 
chemical synthesis. Non-thermal plasmas are a novel alternative technology for decomposing 9 
such tar compounds. In this research, the use of a dielectric barrier discharge (DBD) reactor 10 
was investigated for the decomposition of toluene (a tar surrogate) in a synthetic product gas 11 
containing H2, CO and CO2. The effect of residence time (0.95-2.82 s), plasma power (5-40 12 
W), concentration (20-82 g/Nm3), and temperature (ambient -400 oC) were investigated. It was 13 
demonstrated that the percentage removal of tar increased with increasing plasma power and 14 
residence time. 99%+ removal of toluene was observed at a plasma power of 40 W (the highest 15 
power used) and a residence time of 2.82 s (the highest residence time used). At ambient 16 
temperature, the toluene decomposition products include CO, lighter hydrocarbons, and solid 17 
residue. Unfortunately, at low temperatures, there was substantial solid residue formation. The 18 
synergetic effect of temperature and plasma was investigated to determine whether it could 19 
decrease residue formation. It was found that the solid residue completely disappeared at 400 20 
oC. Furthermore, the selectivity and the yield of lower hydrocarbons increased with operating 21 
temperature. However, the yield of CO decreased due to the termination of radicals through 22 
the combination of CO and O at higher temperatures. Overall, this work demonstrates that 23 
toluene can be almost completely converted to smaller molecules  by a DBD non-thermal 24 
2 
 
plasma, and that a degree of control can be established by varying power, residence time and 25 
temperature, including eliminating the problem of solid residue formation 26 
1. Introduction 27 
Biomass is a source of renewable energy, and can reduce greenhouse gas emission and its use 28 
is increasing due to increasing demand for energy and global warming issues associated with 29 
fossil fuels. Biomass gasification is a thermochemical method for generating alternative, green 30 
fuels for power production and transport [1]. A partial oxidation of solid biomass is carried out 31 
at high temperature (700-850oC) to produce gaseous fuel [2]. Due to the high concentration of 32 
CO and H2 in the product gas, which is often referred to as “synthesis gas”, it can be used to 33 
produce valuable chemicals via Fischer-Tropsch process and as fuels in gas turbines and 34 
engines. When steam is used as gasifying agent the product gas consists of CO2, CO, H2, and 35 
various lighter hydrocarbons [3]. Moreover, volatile alkali metals, ash and tars are also present 36 
as impurities [2]. Several parameters influences the composition of the product gas including: 37 
gasification method, operating conditions, nature of feedstock, etc. Tar in the product gas 38 
creates significant operational and maintenance problems by condensing in engines, heat 39 
exchangers and filters upon cooling downstream of the gasifier, leading to lower process 40 
efficiency and higher maintenance costs [4, 5]. Tar is a condensable mixture of aromatic and 41 
poly aromatic hydrocarbons [6]. The efficient cracking of tar is necessary for the successful 42 
commercialization of gasification of biomass [1]. 43 
Employing non-thermal plasma to decompose tar and pollutants is potentially advantageous 44 
due to its compact and simple design. Kim et al (2004) evaluated the effectiveness of NTP for 45 
cleaning air. The study compared four different NTP methods (pulsed corona discharge reactor, 46 
DBD reactor, surface discharge reactor, and ferroelectric pellet packed bed reactor) for their 47 
efficacy in decomposing benzene used as model compound. Its decomposition was studied as 48 
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a function of the specific input energy in an O2/N2 gas mixture. It was reported that the 49 
conversion of benzene reached 75% in a DBD reactor at a specific input energy of 600 J/L, and 50 
increased with specific input energy [7]. In another study, Nair studied the decomposition of 51 
naphthalene as a tar model compound, and it was reported that the removal efficiency of tar 52 
compound increased with increasing CO2 concentration due to the formation of O radicals. It 53 
is also reported that the presence of CO in fuel gas negatively affected the tar decomposition 54 
efficiency due to the combination of O radicals with CO [8].  55 
In steam gasification, the gasifier product gas is a mixture of CO2, H2, CO, and various by-56 
products [3]. Hence, the decomposition of tar in a synthetic fuel gas consisting of CO2, CO, 57 
and H2, has been investigated using NTP technology. In this work, the performance of a DBD 58 
was investigated for cracking toluene in synthetic fuel gas (CO2:30 %; CO:20 %; H2:50 %). 59 
The variables investigated were power, temperature, residence time and concentration. Toluene 60 
was chosen as a tar analogue because of its simple structure, high thermal stability, and low 61 
boiling point.  62 
2. Methodology 63 
2.1 Experimental setup 64 
The experimental setup is shown in Fig.1.The cylindrical dielectric barrier discharge (DBD) 65 
was used to produce the non-thermal plasma. It consists of two metal electrodes, one inside the 66 
inner quartz glass tube (12 mm outer diameter) and the other outside the exterior quartz tube 67 
(330 mm length, 15 mm inner diameter). The material used for the construction of both 68 
electrodes was stainless steel grade 316. Both the outer mesh and inner metal sheet were made 69 
of the same metal. The plasma was generated between the annular spaces of the coaxial quartz 70 
tubes. A variac AC transformer was used to control the input voltage of plasma generator which 71 
delivers power to DBD reactor. In this study, the power supplied to the DBD reactor was varied 72 
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from 5 to 40 W, at a frequency of 20 kHz. The length of the discharge zone depends upon the 73 
overlapping of two electrodes, therefore the length of the shortest electrode (outer electrode) is 74 
used to calculate the residence time. 75 
The flow rate of the carrier gas and the synthetic product gas mixture (H2:50%; CO2:30%; 76 
CO:20%), was regulated by computer-controlled mass flow controllers, connected to gas 77 
cylinders (BOC, UK). The gas mixture was bubbled through an ice-bath bubbler filled with 78 
toluene to add the toluene vapour. An electric furnace was used to study the performance of 79 
plasma reactor at elevated temperature. The furnace temperature was controllable over a range 80 
varying from ambient to 400 oC, after placing the reactor inside the furnace. The composition 81 
of the product gas was measured by gas chromatography using a Varian 450-GC.  82 
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Fig.1. Experimental setup 85 
2.2 Definitions 86 
The removal efficiency of toluene was defined as follows: 87 
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dT=
moles of toluene in input stream-moles of toluene in outlet stream
moles of toluene in input stream
×100 88 
The following formulae were used to calculate the yield and selectivity of different products: 89 
CO yield (%)=
 moles of CO produced
7× Moles of C7H8 in + moles of CO2 in +moles of CO in
×100 90 
CH4 yield (%)=
 moles of CH4 produced
7× Moles of C7H8 in + moles of CO2 in +moles of CO in
 91 
 92 
LHC selectivity (%)=
∑ (m × moles ofCmHn)
 7× Moles of C7H8 converted
×100 93 
 94 
Specific input energy (SIE) =
 Power (kW)
 Total flow rate of gas ( m
3
hr⁄ )
×100 95 
 96 
The energy efficiency was calculated using following formula: 97 
 98 
Energy efficiency (
g
kWh
) =
grams of toluene converted per min
P (W) × 60/3600000
 99 
 100 
 101 
 102 
 103 
3. Results and discussion 104 
3.1 Effect of Power 105 
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Figure 2(a) clearly demonstrates that toluene removal increases with the power input to the 106 
DBD. This behaviour was expected: as power increases, the number of higher energy electrons 107 
increases, which increases the rate of activation of the reactant molecules by formation of free 108 
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(d) 
Fig.2 Effect of plasma power on (a) the conversion and energy efficiency of toluene, (b) the 109 
selectivity and yield of different gaseous products(c) individual lower hydrocarbons (d) mole 110 
(%) of CO2 and H2. Reaction conditions: Concentration=33g/Nm
3; residence time=2.82 s; 111 
flow rate=40.6 ml/min; SIE=2.05-16.4 kWh/m3; and Temperature=ambient 112 
radicals and ions. The effect of power on the energy efficiency of the system is also shown in 113 
fig. 2(a). The energy efficiency decreases with increasing power, from 13 g/kWh to 1.9 g/kWh 114 
as the power is increased from 5 to 40 W. Essentially, this is due to “diminishing returns” as 115 
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the conversion approaches 100%.  Similar trends have been reported for the removal of tar 116 
analogues [9]. It was observed that at 10 W more than 93% of the tar analogue is decomposed. 117 
Therefore, to calculate the operational cost, specific energy input (4.10 kWh/m3) was calculated 118 
at 10 W. This specific input energy was used to calculate cost of treatment of gas stream in 119 
current plasma system. It should be noted however that the operating costs per unit volume 120 
would decrease with increasing scale and optimisation of the design. 121 
Fig.2 (b) shows that the yield of CO gradually increases from 2.6% to 8.8% as the power 122 
increases from 5 to 40 W, and the selectivity to C2-C5 increases from 7.3 to 18%. It can be 123 
observed from fig. 2(c) that the selectivity and yield of lower hydrocarbons increased with 124 
power. At lower powers, the average electron energy is not high enough to crack aromatic C-125 
C bonds, hence a greater proportion of lower hydrocarbons is observed at higher powers. In 126 
addition, in this case it is clear that the formation of active species, such as radicals, ions, and 127 
excited molecules can also increase selectivity to CO and LHCs. It has previously reported that 128 
dissociation by electron impact played a significant role in the decomposition of aromatic 129 
compounds [10-12].  130 
It was reported that the bond dissociation energy of different bonds in toluene decreases in the 131 
following order: C=C and C-C in aromatic ring > C-H in aromatic ring > C-C between methyl 132 
and aromatic ring (4.4 eV) > C-H bond in methyl group (3.7 eV) [10, 11, 13]. For this reason, 133 
decomposition of toluene could begin with abstraction of an H-atom from the methyl group, as 134 
the bond dissociation energies of these C-H bonds are the lowest [14], via electron impact, 135 
excited species or radicals and the reaction scheme is shown below in fig.3. The abstraction of 136 
H atom produces H radicals and benzyl radicals. The aromatic ring containing intermediate 137 
compounds can self-polymerise. The reactive species can separate the methyl group from 138 
toluene to produce benzene and methyl radicals. These radicals can react with H radicals to 139 
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produce methane. Meanwhile ring opening products (C1-C5) form due to impact of high energy 140 
electrons which directly start the cleavage of the aromatic ring. 141 
 142 
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Fig.3 Reaction mechanism 144 
 145 
3.2 EFFECT OF RESIDENCE TIME 146 
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The effect of residence time is also clear (Fig. 4(a)) since decomposition increases with the 147 
residence time, as would be expected. Understanding the combined effects of these 2 variables 148 
(residence time and power) is part of the development of a design protocol for plasma reactors 149 
for this application, based on the relative costs of increasing residence time (thereby increasing 150 
the size of the reactor and therefore capital cost for a given duty) and increasing power (thereby 151 
increasing operating cost). As evident in Fig. 4(a), with increasing residence time, the 152 
conversion of toluene increased from 76% to 96% at 20 W, as the number of opportunities for  153 
collision between active species, energetic electrons and toluene’s molecules increased [9] 154 
However, the energy efficiency decreases with increasing residence time. To increase the 155 
residence time the flow rate needs to be reduced, which also decreases the flow rate of toluene. 156 
Therefore, the energy efficiency is reduced at high residence time due to a decrease in the total 157 
amount of decomposed toluene. 158 
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(c)  
Fig.4 Effect of residence time (a) on the conversion and energy efficiency of toluene, (b) 
on the selectivity and yield of different gaseous products (c) on individual lower 
hydrocarbons. Reaction conditions: Concentration=33g/Nm3; Power=20 W; flow 
rate=40.6-120 ml/min; and Temperature=ambient 
These results are consistent with a previous experimental study in which decomposition of 159 
toluene was investigated in a DBD reactor [15]. The selectivity and yield of different gaseous 160 
products are shown in fig. 4(b) and (c). The yield of CO increases from 1.9 % to 5.7 %, and 161 
selectivity of C2-C5 increases from 3 to 11 % with the increasing residence time. Similarly, 162 
Fig.4 (c) shows that the yield of methane gas and selectivity of   C2-C5   also increase with 163 
residence time. This is possibly due to the cleavage of the aromatic ring due to high number of 164 
collisions between tar analogue and reactive species, or second phase reactions.  165 
3.3 Effect of concentration 166 
The concentration of toluene was varied from 20 to 82 g/Nm3. Fig.5 (a) shows the effect of 167 
concentration on the conversion and energy efficiency. It can be observed that the conversion 168 
of toluene decreased with increasing toluene concentration. The maximum conversion was 169 
obtained at 20 g/Nm3 (95.5%), then decreased monotonically when increasing the 170 
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concentration up to 82 g/Nm3 (68%). At constant power, the plasma-generated reactive species 171 
react with the toluene to decompose it. However, when the concentration is increased whilst 172 
keeping the others parameters constant, the relative amount of toluene molecules increases with 173 
respect to reactive species and the conversion is reduced. However, the energy efficiency of 174 
the process increased with increasing concentration, as the number of molecules of toluene 175 
converted increased. Here, the value increased from 4.6 g/kWh to 13.5 g/kWh over the range 176 
studied here. The similar effect of concentration has been reported previously in gliding arc 177 
discharge [16]. Fig.5 (b) and (c) shows the changes in selectivity and yield of gaseous products 178 
with respect to concentration. The yields of CO, LHC (C2-C5) and CH4 decrease with 179 
increasing concentration. Again, this is due to a fixed number of electron and active species 180 
interacting with higher concentrations of toluene molecules.  181 
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(c) 
Fig.5 Effect of concentration (a) on the conversion and energy efficiency of toluene, (b) on 182 
the selectivity and yield of different gaseous products(c) on individual lower hydrocarbons. 183 
Reaction conditions: Residence time=2.82 s; Power=10 W; flow rate=40.6 ml/min; and 184 
Temperature=ambient 185 
 186 
This  behaviour is consistent with previous experimental results in which the effect of 187 
concentration has been studied on the removal of tar analogue [17]. It was also observed that 188 
solid residue was produced in the discharge zone during the cracking of tar analogue at ambient 189 
temperature.  Yellowish deposits have been previously reported when operating in limited 190 
oxygen [18]. Here, in an attempt to mitigate this effect, the synergetic effect of temperature 191 
and plasma was studied to avoid the formation of hazardous solid residue. 192 
3.4 Effect of temperature 193 
The performance of DBD reactors was studied at elevated temperatures. The effect of 194 
temperature and power on the conversion of toluene is shown in fig. 6 (a). It can be noted that 195 
the decomposition of toluene does not change when increasing the temperature over the  196 
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(f) 
Fig.6 Effect of temperature on: (a) The conversion of toluene; (b) Total selectivity and yield 197 
of LHC and CO at 20 W; Selectivity and yield of different LHC at (c) 10 W (d) 20 W (e) 30 198 
14 
 
W and (f) 40 W. (Reaction conditions: concentration = 33 g/Nm3; residence time=2.82 s; 199 
flow rate=40.6 ml/min) 200 
power range 20 to 40 W. However, at 10 W, it varied from 82% to 91%.It may be decreased 201 
due to formation of solid deposits in the plasma zone. This is also possible due to the radical 202 
termination reaction of CO and O to form CO2 [19]. 203 
O+CO→CO2                              k = 1.7× 10
-33 exp(-
1510
T
) 204 
It was reported that the decomposition of toluene in CO2 carrier gas decreased with increasing 205 
temperature in DBD reactor [15]. However, toluene conversion is not significantly affected by 206 
increasing the temperature at higher powers (20-40 W). This is because the reaction is mainly 207 
a function of the number of energetic electrons and excited species generated by the plasma. 208 
The influence of elevated temperature on the selectivity and yield of products is shown in fig. 209 
6(b) at 20 W. It shows that the selectivity to lower hydrocarbons (C2-C6) increased with 210 
increasing temperature up to 400oC at 20 W. This is possibly due to hydrocracking of  toluene 211 
into lower hydrocarbons (C1-C6) becoming significant at elevated temperatures [20, 21]. 212 
However, the yield of CO slightly decreases with increasing temperature, probably because of 213 
the recombination reactions of CO and O radicals. Hydrocracking of toluene could occur 214 
through three different routes: (a) isomerization, (b) hydrogenation-dehydrogenation, and (c) 215 
cracking reactions [22]. The first two types of reactions can occur at lower temperatures 216 
because of  their low activation energy, while cracking reactions of aromatics require higher 217 
temperatures [23]. These cracking reaction can take place through primary (ring opening) 218 
secondary and tertiary cracking [22]. 219 
Fig.6 (c) shows the effect of temperature on the selectivity to lower hydrocarbons (C2-C6) and 220 
the yield of methane at 10 W. It can be observed that the selectivity of each individual lower 221 
hydrocarbons increases with increasing the temperature. The selectivities to C2 and benzene 222 
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reach 9.5 and 21.7 % at 400oC, respectively. However, the selectivity to C2+ alkanes and alkenes 223 
remains below 10%. The yield and selectivity of lower hydrocarbons increases with 224 
temperature because of cracking reactions at high temperatures, while for benzene this occurs 225 
via radical substitution reactions [20]. It has previously been reported that the production of 226 
methane and aromatics increases with increasing the temperature in the presence of H radicals 227 
[20, 23]. 228 
The effect of power on yield and selectivity of lower hydrocarbons at elevated temperature can 229 
be observed from fig. 6(c to f). Clearly, the yield of methane increases with increasing power, 230 
whereas the selectivity to benzene exhibits a clear decrease due to impact of reactive species. 231 
The yield of methane increases from 1.04 % to 7.5 % with increasing the temperature at 40 W. 232 
This is because the presence of H radicals at elevated temperature promotes the formation of 233 
methane [24]. In addition, at high power, the fragmentation of the benzene ring because of 234 
energetic electron and excited species increase the yield of methane as well. 235 
CH3
H2 Radical substitution CH4
CH3
Ring opening
CH3
Lighter hydrocarbons
e
 At high temperature
 236 
Fig.7 Reaction mechanism at elevated temperature 237 
The selectivity to benzene decreases to 8% at 40 W. This occurs because the electrons produced 238 
at 40 W are energetic enough to decompose the aromatic carbon-carbon bonds. It was reported 239 
that the formation of methane increases to 10% when increasing the temperature up to 450 oC 240 
in the presence of a catalyst [23]. 241 
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The effect of temperature on the production of C2-C5 species at 40 W can be observed in fig 6 242 
(f). The selectivity to C2 hydrocarbons increases with increasing temperature up to 300
oC and 243 
after that decreases at 400oC, while for >C3 it started to decrease above 200
oC. This was due 244 
to hydrocracking of theses hydrocarbons into methane. It has previously been reported that 245 
cracking of C2 to C4 increased with increasing temperature and converted to methane [24]. It 246 
has been observed that cracking of ethane increases with increasing temperature from 260 to 247 
322oC producing methane, while cracking of C3 increased even at lower temperature range 248 
(206-240oC) and produced methane[24].  249 
4. Conclusions 250 
In this study, decomposition of toluene as a tar surrogate was evaluated in a dielectric barrier 251 
discharge (DBD) reactor using a synthetic fuel gas mixture (H2:50 %, CO2:30 % and CO:20 252 
%). Power (5 – 40 W), temperature (20-400 oC), concentration of toluene (20-82 g/Nm3) and 253 
residence time (0.95-2.82 s) were varied to investigate the performance of the DBD reactor and 254 
its selectivity towards valuable gaseous products. 255 
The main findings were: 256 
i. The conversion of toluene can be as high as 99% and the latter was converted to CO, 257 
lower hydrocarbons (LHC) and solid residue. 258 
ii. The conversion increases with both power and residence time.  259 
iii. At ambient temperature, solids appeared inside the reactor, which would create 260 
problems due to fouling and blockages over time. However, here we demonstrated that 261 
this problem can be eliminated by increasing the wall temperature. A further benefit of 262 
increasing the temperature was that it increased both the selectivity and yield of the 263 
lower hydrocarbons. 264 
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iv. Formation of methane increased with increasing the temperature and power. The 265 
highest yield of methane in this study was 7.5 %, at 400oC and 40 W of power. 266 
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